To identify transcriptional profiles predictive of the clinical benefit of cisplatin and fluorouracil (CF) chemotherapy to gastric cancer patients, endoscopic biopsy samples from 96 CF-treated metastatic gastric cancer patients were prospectively collected before therapy and analyzed using high-throughput transcriptional profiling and array comparative genomic hybridization. Transcriptional profiling identified 917 genes that are correlated with poor patient survival after CF at Po0.05 (poor prognosis signature), in which protein synthesis and DNA replication/recombination/repair functional categories are enriched. A survival risk predictor was then constructed using genes, which are included in the poor prognosis signature and are contained within identified genomic amplicons. The combined expression of three genes-MYC, EGFR and FGFR2-was an independent predictor for overall survival of 27 CF-treated patients in the validation set (adjusted P ¼ 0.017), and also for survival of 40 chemotherapy-treated gastric cancer patients in a published data set (adjusted P ¼ 0.026). Thus, combined expression of MYC, EGFR and FGFR2 is predictive of poor survival in CF-treated metastatic gastric cancer patients.
Introduction
Although the emerging area of targeted anticancer agents holds great promise, cytotoxic chemotherapy remains the primary treatment option for many cancer patients. Identifying patients who likely will or will not benefit from cytotoxic chemotherapy through the use of biomarkers could greatly improve clinical management by better defining appropriate treatment options for patients. None of the molecules experimentally identified to cause chemotherapy resistance in vitro was sufficiently validated in primary tumors and thus clinically applicable, 1 underscoring the importance of well-designed, clinical study to identify clinically relevant mechanisms for chemotherapy resistance. In fact, however, such predictors derived to date from high-throughput transcriptional profiling of primary tumors, especially gastrointestinal tract cancers, have not shown satisfactory performance. [2] [3] [4] [5] It may be primarily owing to the high rate of false-positive discovery in high-throughput data, in addition to the high degree of genetic variation of individual tumor compared with limited number of samples available for the study.
To provide insight into clinically relevant mechanisms for chemotherapy resistance in gastric cancer, we prospectively collected and analyzed 123 endoscopic biopsy samples before cisplatin and fluorouracil (CF) chemotherapy from patients with extended follow-up, using high-throughput transcriptional profiling and comparative genomic hybridization (CGH) analyses. We could identify functional categories enriched in genes correlated with patient outcome, and develop a genomic predictor that was validated in two independent data sets.
Materials and methods

Patients
Sample collection, treatment and follow-up were performed according a protocol approved by the Institutional Review Board of the National Cancer Center Hospital in Goyang, Korea (NCCNHS01-003). All patients signed an Institutional Review Board-approved informed consent form. Eligibility for enrollment into the study included the following parameters: (1) ageX18 years; (2) histologically confirmed gastric adenocarcinoma; (3) clinically documented distant metastasis; (4) no previous or concomitant malignancies other than the gastric cancer; (5) no previous history of chemotherapy, either adjuvant or palliative; and (6) adequate function of all major organs. Patients who were lost to follow-up before completing six cycles of chemotherapy, except for documented progressive disease, were excluded from this study.
Sample size calculation
Overall survival was the primary clinical end point of this study. As a minimum of 91 events were estimated to be required for the number of training set samples 6 at a ¼ 0.001, b ¼ 0.05, t (standard deviation of log intensity) ¼ 0.75 and d (hazard ratio (HR) associated with one-unit change of log intensity) ¼ 2, we used the 96 samples collected until January 2005 as the training set for development of the predictor.
Ninety-six eligible patients who were treated with CF by one medical oncologist (HK) from August 2001 to January 2005 were used for the expression profiling training set. A second group of 27 eligible patients was used as the array validation cohort. Twenty-two patients in the validation cohort were treated with CF, and five patients were treated with cisplatin plus oral capecitabine (a fluorouracil pro-drug considered equivalent to fluorouracil; CX), 7 by another group of medical oncologists in the same institution between February 2005 and April 2006. Tissue procurement and processing were the same for the training and validation samples.
Treatment
Patients continued therapy indefinitely until they experienced unacceptable toxicities or progressive disease was documented. CF-treated patients received cisplatin 60 mg m À2 intravenously on day 1 and fluorouracil 1000 mg m À2 intravenously on days 1-5 of a 3-week schedule. The treatment schedule for fluorouracil could be shortened at the discretion of the oncologist to 3 instead of 5 days for elderly patients (X70 years) or patients with poor performance status (Eastern Cooperative Oncology Group performance status X2). Chemotherapy doses were reduced according to toxicities and the patient's performance status. Specific dose modification schemes for the subsequent cycle were left to the discretion of treating oncologist. Five patients (18.5%) in the validation group received oral capecitabine (Xeloda; Roche, Basel, Switzerland; 1250 mg m À2 twice a day for 2 weeks) instead of intravenous infusion of fluorouracil. Time to progression was measured from the initiation of chemotherapy to the progressive disease. In patients without any measurable lesions, time to progression was measured to the time when a change in therapy was required because unmeasurable lesions (such as ascites) unequivocally progressed.
Gene expression and CGH microarray analyses
Tissue samples were collected and processed for RNA and DNA extraction as described previously, 8 only if samples contained at least 50% tumor cells. Affymetrix (Santa Clara, CA, USA) HG-U133A gene expression microarray data were analyzed with survival analysis algorithms of BRB-ArrayTools (version 3.6, National Cancer Institute, http://linus. nci.nih.gov/BRB-ArrayTools.html). 9 The survival risk groups were constructed using a predictive index based on the supervised principal component method of Bair and Tibshirani. 10 A three-gene predictive index percentile was generated based on the weighted average of the log intensities of the three genes (FGFR2 (211401_s_at), EGFR (210984_x_at) and c-MYC (202431_s_at)), using a proportional hazards regression on the first two principal components of the log intensities of those three genes, in which a high value of the predictive index corresponds to a high risk of death. If the predictive index of a sample in the validation set corresponded to the median predictive index of the training set, the sample was assigned a 50% predictive index. We specified the number of risk groups as 2 (high and low) and the predictive index percentile for defining the two risk groups as 67%, using a 67.1% rate of clinical benefit (partial response and stable disease) and 32.9% rate of progressive disease in the training set. We also performed Cox regression analyses using this three-gene predictive index percentile as a continuous variable, in which HRs for survival were calculated according to each percentile increase in three-gene predictive index percentile (from 0 to 100%). Array CGH data were generated using Agilent (Santa Clara, CA, USA) 4 Â 44k HD-CGH Microarrays and analyzed using CGH Analytics software (version 3.5.14). Aberrations with average tumor/normal log 2 ratio 42.0 were defined as amplifications. Experimental details are provided in Supplementary Materials and Methods.
Analyses of published DNA microarray data The entire set of published Affymetrix U133 Plus 2.0 DNA microarray data 4 (n ¼ 40) was combined with our training set data (n ¼ 96), using common probe set IDs. MAS5 data of the combined data set were log 2 transformed, normalized using the median over the entire arrays and analyzed for survival risk prediction using BRB-ArrayTools 3.6, as described above.
Publicly accessible microarray data for surgically treated gastric cancer patients generated by the Stanford Functional Genomics Facility were obtained from the NCBI GEO database (GSE4007) and included about 30 300 genes common to these data sets. The microarray data were generated and normalized as described in Leung et al.
11
Batch effects in gene expression were removed with probewise mean centering and missing data were imputed with the nearest-neighbor averaging method. 12 The array cDNA clones were annotated using SOURCE (Stanford Microarray Database) and the Entrez GeneID was used as the mapping identifier for the Affymetrix HG-U133A array. A combined data set of our training set data (n ¼ 96) and GSE4007 data (n ¼ 88) was analyzed for survival risk prediction using BRB-ArrayTools 3.6 as described above.
Results
Genes correlated with poor survival after CF therapy As primary gastric cancer lesions cannot be reliably measured by diagnostic imaging, patient survival, not radiographic response, was used as the primary clinical covariate to which gene expression was correlated to identify a predictor of response to CF therapy. To define a gene expression signature that correlates with overall survival, we used expression array data of 96 pretreatment biopsy samples as the training set to develop a predictor (Supplementary Table 1 ). Ninety-five out of 96 patients (99%) in the training set cohort died with follow-up for one survivor at 39.4 months. None of the clinicopathological or treatment factors listed in Table 1 , including second-line chemotherapy, were significantly correlated with survival time of the patients in the training set.
To identify a transcriptional profile related to clinical benefit from CF therapy, the survival times of patients in the array training set were correlated with the mRNA expression levels measured by microarray. One thousand five hundred and sixty-five genes were significantly correlated with the overall survival of the 96 patients (P-value o0.05). Among them, 917 genes had an HR higher than 1 (poor prognosis signature) and 648 genes had an HR lower than 1 (good prognosis signature). We performed gene ontology analyses on this 'poor prognosis signature' using Ingenuity Pathway Analysis (www.ingenuity.com). The role of BRCA1 in DNA damage response (BRCA2, E2F5, FANCE, MSH2, NBN, PLK1, RFC, SMARCA4, SLC19A1), nucleotide excision repair (ERCC2, POLR2C, POLOR2J, RAD23A, RAD23B) and estrogen receptor signaling were highly represented canonical pathways. Many of these poor prognosis signature genes belonging to these three pathways are previously linked to in vitro cisplatin resistance. [13] [14] [15] Overexpression of ERCC2 (P ¼ 0.007 in our data) is associated with cisplatin resistance in lung cancer cell lines. 13 Silencing of hHR23A (P ¼ 0.022 in our data) decreases the nuclear DRP1 level and cisplatin resistance in lung adenocarcinoma cells. 14 Disruption of the Fanconi anemia-BRCA pathway is reported in cisplatinsensitive ovarian tumors. 15 Thus, this gene ontology analysis supports the clinical relevance of these DNA repair Table 2 ). The protein synthesis category includes ribosomal subunit mRNAs (RPL13, RPL18, RPL24, RPL30, RPL38, RPL5, RPL7, RPL7A, RPL8, RPS2, RPS5) and eukaryotic translation initiation factors (EIF1, EIF2B2, EIF2B4, EIF2S1, EIF3B, EIF3C, EIF3D, EIF3E, EIF3F, EIF3H, EIF3I, EIF4A1, EIF4A3, EIF4B, EIF4EBP1, EIF5, EIF5B). This result suggests that the most prominent feature of poor prognosis signature is increased protein synthesis, presumably resulting from activation of oncogenes, such as EGFR, FGFR2 and MYC (Supplementary Table 2 ). MYC-induced transcriptional activation of protein synthesis-related genes is previously shown by a microarray report that the majority of genes responsive to MYC overexpression are involved in macromolecular synthesis, protein turnover and metabolism, including 30 ribosomal protein genes. 16 Infinitesimal perturbation analysis canonical pathways enriched in 648 genes in good prognosis signature were antigen presentation pathway, B-cell development and interleukin-15 production. Enriched functional categories were gastrointestinal disease, inflammatory disease and genetic disorder.
Development of the three-gene predictor
Although such a gene ontology analysis of the whole signature provides some insight into clinically relevant mechanisms for chemotherapy resistance, this large number of genes is not readily amenable to clinical application. Therefore, we wished to narrow down 917 genes in the whole poor prognosis signature to the smaller number of genes, which may have driven the expression of majority of genes in the signature. Focusing on such 'driver gene' candidates would also minimize the chance of including false-positive discovery in a genomic predictor. For this purpose, a second tier of genomic analysis was performed to identify genes that could be functionally important in gastric cancer cells.
Genomic DNA from samples available from the training set patients was analyzed by array CGH to identify gene amplifications. Age, sex and overall survival were similar between the 30 patients (31.3%) whose samples were analyzed by array CGH and the other patients in the training set. Using very conservative criteria (average tumor/normal log 2 ratio 42.0 for X5 consecutive CGH probes), nine amplicons were identified in 11 patients (Table 2) . We identified genes found in both the 1565 gene expression signature whose transcriptional levels correlated with poor survival of 96 training set patients (P-value o0.05) and that are also located within the nine amplicons identified by the array CGH. Three genes-MYC (8q24.13-24.21), EGFR (7p11.2) and FGFR2 (10q26)-were identified in the amplicons (Table 2 ) whose expression array signal values significantly correlated with the survival time of the 96 patients in the training set (Figure 1 ). Patients with EGFR and FGFR2 amplifications had higher expression levels of each gene (8.4 and 10.2 ± 0.8 (mean ± s.d.), for EGFR and FGFR2, respectively) than tested patients without the amplification of these genes (5.9±1.0 and 5.2±1.1, for EGFR and FGFR2, respectively). One of the two patients with MYC amplification had higher expression than patients without amplification (10.9 vs 9.5±0.9).
The mRNA expression array signal values of these three genes were correlated with the short survival time with P-values of 0.0154, 0.0096 and 0.0057, for MYC, EGFR and FGFR2, respectively. The expression patterns of these three Figure 1 Three genes-EGFR, FGFR2 and MYC-overlap between genes whose array expression levels correlated with survival times (96 training set patients, Po0.05) and gene copy number changes determined by array comparative genomic hybridization (CGH) (tumor/normal log 2 ratio 42 for X5 consecutive probes).
genes along with the cumulative survival data for all patients are depicted in the heatmap in Figure 2 . None of the three genes had significantly different expression levels between those patients who received second-line chemotherapy and those who did not. Quantitative realtime RT-PCR and immunohistochemical staining for the three genes validated the array expression data (Supplementary Figures 1 and 2) . A three-gene predictive index percentile was then calculated for each of the 27 patients in the validation cohort, based on the weighted average of the log intensities of these three genes for each sample (designated as the three-gene predictor). Patterns of MYC, EGFR and FGFR2 expression in these 27 patients, together with the predictive index, are graphically displayed in Figure 2 . As a continuous variable, the three-gene predictive index percentile is an independent predictor for poor survival in the validation set by Cox regression analyses, after considering age, performance status, histological type and second-line chemotherapy (adjusted P ¼ 0.017) ( Table 3) . Patients predicted to have poor survival after CF using a predictive index percentile X67% had a significantly shorter median survival than patients with a predictive index percentile o67% (7.4 months for the high-risk group vs 16.8 months for the Computed based on weighted average of log intensities of the three genes (EGFR, FGFR2 and MYC) obtained using a proportional hazards regression on the first two principal components of the log signal intensities of those three genes. low-risk cohort; P ¼ 0.047) (Figure 3a) . As a class, the highrisk group predicted by the three-gene predictor (patient group with a predictive index percentile X67%) was associated with an adjusted HR of 3.1 (95% CI, 1.2-8.4; P ¼ 0.022). In addition, the three-gene predictive index percentile is also an independent predictor for the time to progression, which is a more specific indicator of the clinical responsiveness to systemic therapy than overall survival 17 (adjusted P ¼ 0.014) ( Three-gene predictor predicts survival of patients in the second validation set To extend these results, we wished to test the predictive power of the three-gene predictor in other independent data sets. After the three-gene predictor was validated in 27 patient samples in our validation set, another microarray study with a comparable study design to our study was published in the literature. 4 These data were only one published microarray data set that could be used to determine whether the three-gene predictor could predict the outcome of metastatic gastric cancer patients treated with either cisplatin or fluorouracil. This data set contains pretreatment expression array data for 40 patients who subsequently received either fluorouracil-based chemotherapy (n ¼ 24) or cisplatin/irinotecan combination chemotherapy (n ¼ 16) and patient survival data. We applied the same three-gene predictor to this published microarray data set, just as we did to our 27 patient data in the first validation set. The three-gene predictive index percentile, as a continuous variable, was found to be significantly associated with poor survival of these 40 patients (P ¼ 0.047; HR according to each percentile increase in three-gene predictive index percentile ¼ 1.014 (95% confidence interval, 1.000-1.027)). Cox multivariate analysis showed that the three-gene predictive index percentile is an independent predictor for poor survival, after considering performance status, age, sex and the chemotherapy regimen (adjusted P ¼ 0.026; adjusted HR ¼ 1.017 (1.002-1.032)) (Table 4, Figure 3b ). Thus, the predictive power of the three-gene predictor is consistent across two validation sets, that is, one from our study patients and the other from published data.
Interestingly, the three-gene predictor was found to be an independent predictor for poor survival, when the same Cox regression analysis was performed only on a subset of these patients (n ¼ 16) treated with cisplatin in combination with irinotecan, a topoisomerase I inhibitor (adjusted P ¼ 0.011; adjusted HR ¼ 1.038 (1.008-1.068) ). Patients treated with irinotecan were not included in the original training set patients. Hence, the predictive power of three-gene predictor may not be specifically associated with only CF therapy, although further large-scale studies need to be Figure 3 (a) Kaplan-Meier survival curves for the two risk groups of the validation cohort predicted by three-gene predictor. Patients at a high risk (predictive index percentile X67%; n ¼ 10) had significantly shorter median survival than patients at a low risk (n ¼ 17) (7.4 vs 16.8 months; log rank P ¼ 0.047). Green and blue lines represent overall survival curves for the predicted high-and low-risk groups, respectively. (b) Kaplan-Meier survival curves for the two risk groups of the published microarray data set from 40 metastatic gastric cancer patients treated with either fluorouracil-based regimens or cisplatin/irinotecan combination chemotherapy regimen. Patients at a high risk (predictive index percentile X67%; n ¼ 6) had shorter median survival than patients at a low risk (n ¼ 34), at a borderline significance (3.1 vs 10.8 months; log rank P ¼ 0.056). Green and blue lines represent overall survival curves for the predicted high-and low-risk groups, respectively. The color reproduction of the figure is available on the html full text version of the manuscript.
performed to address the predictive value of the three-gene predictor for other therapeutic regimens.
Three-gene predictive index and radiographic response Although the radiographic tumor response was not the main end point of this study, we also evaluated the association between the three-gene predictive index and radiographic response of patients with measurable disease. When published data 4 were also included, 104 patients had either partial response or stable disease (clinical benefit) as the best response, whereas 46 patients had progressive disease. The three-gene predictive index was significantly associated with radiographic response at a univariate P-value of 0.039, which is higher than the Cox regression P-value for the overall survival of all study patients (Table 5 ). This statistical association was at borderline significance in a multivariate regression analysis.
Three-gene predictor is not prognostic but predictive Although we showed that the three-gene predictor predicted time to progression and overall survival for CF-treated patients, we wished to further address whether it represents a prognostic signature, using the published data set from 88 gastric cancer patients who were treated by surgery alone and not with chemotherapy. 11 The three-gene predictive index percentile was not a prognostic factor in this data set as a continuous variable (P ¼ 0.506). There was no difference in survival in the surgically treated patients between the high-and low-risk groups predicted by the three-gene predictor (P ¼ 0.972). These results strongly suggest that the three-gene predictor is not a predictor of prognosis for gastric cancer patients, but is predictive of the patient response to chemotherapy.
Discussion
Cytotoxic chemotherapy prolongs the median survival of metastatic gastric cancer patients from 3-5 to 9-11 months compared with best supportive care, with a response rate of 40-50%. [18] [19] [20] [21] Combination CF constitutes the backbone for chemotherapy regimens commonly used for gastric cancers. 19, 22 We also reported that CF in combination with low-dose docetaxel is active for metastatic gastric cancer with tolerable toxicity profile. 18 The ability to predict the primary resistance of common solid tumors to cytotoxic Computed based on weighted average of log intensities of the three genes (EGFR, FGFR2 and MYC) obtained using a proportional hazards survival regression on the first two principal components of the log signal intensities of those three genes. Three-gene predictive signature for gastric cancer chemotherapy chemotherapy is currently lacking, but would significantly improve patient care by identifying those who would best be treated by alternative strategies. This study has identified a three-gene predictor that distinguishes gastric cancer patients likely to receive a therapeutic benefit from CF from those who will not.
Most previous studies attempting to identify predictors of chemoresistance in gastric cancer have examined only individual genes such as TS or ERCC1. 23, 24 High-throughput DNA microarray analyses to identify gene expression signatures predictive of chemotherapy or chemoradiotherapy resistance in gastrointestinal cancer patients have been limited by the small number of samples, 2,3 heterogeneous treatment 4 or were not prospectively designed. 5 In contrast to these previous studies, our study uses high-throughput genomic approaches, is prospective with a large, pre-defined number of training set patients, separate validation cohorts and survival data during an extended follow-up period. Although previously reported TS and ERCC1 tend to be associated with poor prognosis of our patients, the association was not significant enough for them to be considered for our predictive model (P ¼ 0.073 and 0.076, for TS and ERCC1, respectively). Notably, the outcome discrimination predicted by the classifier was statistically significant on two validation groups, including the only available published microarray data set from chemotherapy-treated gastric cancer patients. 4 Although the sample size of our validation set is relatively small, it is nonetheless large enough to show that our three-gene predictor provides a statistically significant discrimination of patient outcome in multivariate survival analyses. The study design we employed is consistent with an allocation of two-thirds to one-third training-to-test set sample allocation as recommended by statisticians. 25 We combined analyses of gene expression changes identified by expression profiling with the identification of DNA copy number changes using array CGH to develop a predictor composed of a much smaller number of critical genes that potentially could be of clinical utility. We identified MYC, EGFR and FGFR2 in regions of amplification, as well as in the gene expression signature related to clinical outcome after CF therapy, suggesting that these genes might be functionally involved in determining resistance. Amplification of MYC, EGFR and FGFR2 have previously been observed in gastric cancer at frequencies 4.8-15.5%, 26 2.3-13.3% 27 and 3-10%, 26, 28 respectively, suggesting that, in some cases, tumors amplify these regions for selective advantage. Combined expression of these three genes could predict overall survival and time to progression of CF-treated gastric cancer patients. Thus, combining array CGH analysis with relevant transcriptional changes is a feasible approach for building a predictive model using functionally important genes and reducing the likelihood of false biomarker discovery. Transcriptional levels of genes other than MYC, EGFR and FGFR2 identified in the amplified genomic loci were not associated with the survival of the 96 training set patients (for example, P ¼ 0.313 for ERBB2).
Primary gastric tumors are not easily measurable by current radiographic techniques, and often there are no metastatic lesions that are readily quantifiable in metastatic gastric cancer patients. To develop a predictor from the general population of gastric cancer patients in an unbiased way, this study was designed to correlate gene expression profiling of the tumors with overall survival and time to progression, not radiographic response. Overall survival is the ultimate measure of the treatment benefit afforded to a patient and is a particularly appropriate gauge for patients with metastatic gastric cancer, as radiographic assessment is problematic in such patients. The fact that both the time to progression as well as overall survival are predicted by our three-gene predictor in CF-treated patients, but not surgically treated patients, suggests that the three-gene predictor is a predictive indicator for the clinical benefit from CF.
Although EGFR and FGFR2 expression have been reported to have prognostic value for gastric cancer patients treated surgically, 29, 30 we did not find the three-gene predictive index to be prognostic for surgically treated patients with gastric cancer. Our findings are consistent with previously reported experimental data on chemoresistance. Inhibitors of EGFR act synergistically with cisplatin 31 and fluorouracil, 32 whereas an FGFR2 inhibitor is synergistic with fluorouracil. 33 MYC has been linked to cisplatin resistance in several in vitro models. [34] [35] [36] [37] Taken together, combined expression of MYC, EGFR and FGFR2 is predictive of poor survival in CF-treated metastatic gastric cancer patients. More focused prospective trials that are designed to test the clinical utility of this three-gene predictor are warranted.
